ABCB5 is an ABC transporter that was shown to confer low-level multidrug resistance in cancer. In this study, we show that ABCB5 was mutated in 13.75% of the 640 melanoma samples analyzed. Besides nonsense mutations, two mutation hotspots were found in the ABCB5 protein, in the drug-binding pocket and the nucleotide-binding domains. Four mutations, which are representative of the mutation pattern, were selected. ATPase assays showed that these mutations 
INTRODUCTION
ABCB5, an ABC transporter closely related to the multidrug transporter ABCB1 (Pglycoprotein), is predominantly expressed in pigment-producing cells. Previous studies have suggested that it is a marker of melanoma-initiating cells (Schatton et al., 2008) and is linked to the development of multidrug resistance in melanoma (Chartrain et al., 2012; Frank et al., 2005) . However, those studies were based on the expression of a transcript variant of the ABCB5 gene, namely ABCB5β, which encodes a truncated transporter (Chen et al., 2005; Frank et al., 2003) . The functionality of this transporter is controversial and has yet to be directly demonstrated (Kawanobe et al., 2012; Keniya et al., 2014) . More recently, the Sugimoto group reported the cloning of a transcript that encodes a typical full ABC transporter, which is composed of two transmembrane and two nucleotide-binding domains (Kawanobe et al., 2012) . They showed the involvement of this more typical transporter in resistance to doxorubicin, paclitaxel, and docetaxel (Kawanobe et al., 2012) .
ABC transporters have been extensively studied for their role in the mechanisms of multidrug resistance in cancer. Nonetheless, transcriptomic studies carried out to characterize these mechanisms in clinical samples indicated that these transporters may also have a major role in tumor biology (Gillet et al., 2011) . Indeed, there is a growing body of evidence that their loss or inhibition have an impact on the malignant potential of cancer cells both in vitro and in vivo (Fletcher et al., 2016) . ABCB5 mutations appeared to be common in melanoma (Krauthammer et al., 2015) , and we hypothesized that this transporter contributes to the development of melanoma in addition to its role as a drug-efflux transporter.
Here, we report the results of the systematic analysis of the nature and function of mutations in the ABCB5 gene. Exome sequencing of the ABCB5 gene was performed in 153 human melanoma samples including matched normal DNA. These data were combined with mutational data from published studies, resulting in a data set generated from 640 human melanoma samples. Mutations were mapped in a three-dimensional predicted model of the protein, and two mutation hotspots in the ABCB5 protein were found. The impact of four mutations, representative of the mutation pattern, was further studied in four melanoma cell lines.
RESULTS AND DISCUSSION

Exome sequencing
To identify somatic mutations in ABCB5, we analyzed the coding regions of ABCB5 in 29 melanoma samples and corresponding normal DNA from a previously published study by Gartner et al. (2013) . Our initial analysis of these samples showed six mutations, including three nonsynonymous mutations, two nonsense, and one synonymous mutation in five of our 29 samples (17%). The 5:1 nonsynonymous to synonymous ratio (20%) is considerably higher than the ratio predicted for nonselected passenger mutations of 2.5:1 (Sjoblom et al., 2006) . Further sequencing of ABCB5 in an additional panel of 25 untreated samples showed four additional mutations in three different samples, including a third nonsense mutation. Taken together, these two analyses showed that ABCB5 contained 10 mutations (eight nonsynonymous) in eight of 54 samples (14.5%; P < 0.001) ( Table 1) . A validation was performed on six of these 10 mutations with digital PCR, which confirmed their presence at the RNA level. Thus, melanoma cells with mutant ABCB5 also contain wild-type mRNAs, resulting in coexpression of mutant and wild-type ABCB5 (data not shown).
We extended the study to an additional cohort containing 99 melanoma samples, which showed 14 additional mutations (nine nonsynonymous and five synonymous). Of these 24 total mutations observed, 17 were nonsynonymous, and four were nonsense mutations affecting 9.8% of our samples (15 of 153).
We also reviewed the mutational data from published studies (Berger et al., 2012; Nikolaev et al., 2011; Stark et al., 2011; Wei et al., 2011) , which were combined with exome data from The Cancer Genome Atlas, resulting in 487 published melanoma samples. Analysis of ABCB5 in these 487 published melanoma samples showed 85 coding mutations in 73 of 487 samples, or 14.9%. The mutations include 60 nonsynonymous mutations, one splice site mutation, six nonsense mutations, and 18 silent mutations (see Supplementary Table S1 online) . In summary, we show that the gene ABCB5 was mutated in 13.75% of the 640 melanoma samples analyzed.
Effect of the mutations on the transporter activity
Mutations were localized on a two-and three-dimensional predicted models constructed based on the sequence alignment of full-length ABCB5 to mouse ABCB1, for which experimental structures are known (Figure 1a and b) (Esser et al., 2017; Li et al., 2014) . Two mutation hotspots were found in the predicted drug binding pocket and the nucleotide binding domains of the ABCB5 protein. The impact of four mutations was further investigated based on their localization in the mutation hotspots and the likely deleterious effect on the transporter activity (Table 1) . Besides a nonsense mutation (Q187*), a nonsynonymous mutation was located in the predicted drug binding pocket (S830F), and two were in the second nucleotide binding domain (S1091F, S1184P) (Figure 1c and d) .
The effect of the mutations on the transporter activity was assessed by an ATPase assay. All mutants were expressed in High Five insect cells at the same level as wild-type WT protein (Figure 2a) . The ATPase assays confirmed that these mutations resulted in a decrease in basal ATP hydrolysis by ABCB5 (Figure 2b ). Based on these data, we hypothesized that ABCB5 may play a role in the tumor biology, perhaps as a tumor suppressor.
Impact of the mutations on the proliferation ability of human melanoma cell lines
To explore the deleterious effect of the mutations in vitro, we wanted to determine the genetic background of the ABCB5 mutated melanoma. Further studies on the first set of 54 human melanoma samples analyzed showed mutations in the tumor suppressor CDKN2A gene and the NRAS oncogene in 62.5% and 75% of the samples, respectively, that had mutations in the ABCB5 gene. No mutation was found in the tumor suppressor PTEN gene, whereas the activating V600E mutation in the BRAF oncogene was found in 25% of the samples with a mutated ABCB5 gene.
We have chosen the 17T and 63T human melanoma cell lines, both of which harbor the activated mutant NRAS Q61K. The 17T cell line also harbors the heterozygous nonsense mutant ABCB5 Q187*, and WT BRAF, PTEN, and CDKN2A. The 63T cell line carries WT ABCB5, WT BRAF, nonsense mutant PTEN R130*, and knockout mutant CDKN2A del. Ex 1, 2, 3. SK-Mel-28 and A375 human melanoma cell lines were also chosen to test the impact of the ABCB5 mutants in a mutated BRAF genetic background. Both cell lines carry WT ABCB5, WT NRAS, and mutated BRAF. Furthermore, SK-Mel-28 cells carry WT CDKN2A, while A375 cells carry a partial deletion of CDKN2A (Poliseno et al., 2011) .
Clones of human melanoma cell lines 17T and 63T were produced that stably overexpressed either WT ABCB5 or mutants of ABCB5 (Q187*, S830F, S1091F, S1184P). To investigate the possible effects of ABCB5 on melanoma cell growth, in vitro proliferation on plastic was first examined. All 17T clones overexpressing ABCB5 mutants have a statistically highly significant increased proliferation rate compared with the WT ABCB5 clone (Figure 3a ). The impact of the ABCB5 mutations is lower in the 63T cells except for S1184P, for which the increase of the proliferation rate is highly statistically significant compared with the parental WT 63T cells (Figure 3b ).
The proliferation rates of A375 WT ABCB5 and mutant clones were identical to parental cells (see Supplementary Figure S1a online). SK-Mel-28 clones overexpressing either the Q187* or S1184P mutations had significantly increased proliferation rates compared with parental cells and the other clones (see Supplementary Figure S1b ). Additionally, the Q187* and S1184P clones displayed a reduced adhesion capacity and did not fully attach to plastic until 48 hours after seeding. Stable knockdown of ABCB5 in A375 cells had no effect on cell proliferation (see Supplementary Figure S1c ). In contrast, stable knockdown of ABCB5 in SK-Mel-28 cells resulted in a significantly increased proliferation rate (see Supplementary Figure S1d ).
A proliferation assay indicates a difference in terms of the proliferation capacity of the cells, but it has the disadvantage in that the proliferation of the cells is influenced by their ability to adhere to plastic. Anchorage-independent growth, which is considered a hallmark of carcinogenesis, was next assayed with a standard soft agar assay (Figure 4 ). For both cell lines, colony number was significantly higher for cells expressing ABCB5 mutants compared with the WT ABCB5-expressing cells. Again for this assay, we observed a greater Sana et al. Page 4 J Invest Dermatol. Author manuscript; available in PMC 2019 September 01.
effect for the 17T cell line (P < 0.0001 for each mutation except for the mutation S1091F, for which P < 0.001) ( Figure 4a ) than for the 63T cell line (P < 0.0001 for S830F and S1091F, P < 0.05 for the mutations Q187* and S1184P) (Figure 4b ).
In both the SK-Mel-28 and A375 cell lines examined, colony numbers were not different, but colony sizes varied. In the A375 cell line, all four ABCB5 mutant clones formed significantly larger colonies compared with parental cells (see Supplementary Figure S2a online). When we examined SK-Mel-28 cells, only the Q187* and S1184P mutant clones had significantly larger colonies compared with parental cells (see Supplementary Figure  S2b ). In addition to overexpression of various ABCB5 clones, A375 and SK-Mel-28 clonal cell lines were produced that stably expressed either a nontargeting short hairpin RNA (shRNA) or an ABCB5-specific shRNA (see Supplementary Figure S2c ). In both cell lines, stable knockdown of ABCB5 resulted in significantly larger colonies in soft agar, corroborating the overexpression data (see Supplementary Figure S2d ).
Overall, we observed that the impact of the ABCB5 mutant expression on the proliferation capacities of melanoma cells is greater in cell lines that carry the activated mutant NRAS Q61K compared with those carrying the activated mutant BRAF. Furthermore, the impact of ABCB5 mutant expression was greater in 17T cells compared with 63T. This can be explained by the expression of heterozygous nonsense mutant ABCB5 Q187* in 17 cells, whereas 63T cells carry a homozygous WT ABCB5.
Impact of the mutations on development of metastases
A possible role of ABCB5 mutants in melanoma cell migration and invasion was then examined. For this, cells were seeded in a Boyden chamber in serum-free medium and were allowed to migrate through the pores to the other side of the semipermeable membrane in a serum-enriched medium compartment. In the invasion assay, cells must be able to digest the three-dimensional Matrigel (Corning Inc, Corning, NY) layer located at the bottom of the Boyden chamber. The cells were stained and counted after a 24-hour period. The 17T ABCB5 clones showed a higher migration ability for the mutations Q187* and S1091F, whereas the cells over-expressing ABCB5 S830F were not able to migrate through the pores of the Boyden chamber membrane (Figure 5a ). The migration ability of 63T mutant ABCB5 clones was also affected and was significant for the mutations S830F and S1091F ( Figure  5b ). Both 17T (Figure 5c ) and 63T cells ( Figure 5d) were not able to invade through the Matrigel layer, except for the 63T S830F mutant.
In both A375 (see Supplementary Figure S3a online) and SK-Mel-28 (see Supplementary Figure S3b ) cell lines, there was a slight trend toward increased invasion of the ABCB5 mutant clones, along with a trend toward reduced invasion in WT ABCB5 clones. For both the A375 and SK-Mel-28 cell lines, stable knockdown of ABCB5 resulted in a significant increase in invasive capacity (see Supplementary Figure S3c ).
In summary, the combination of genetic, biochemical, and cellular data presented here suggests that loss of ABCB5 gene function accelerates the development of melanoma. Indeed, in experiments performed in four separate melanoma cell lines, either mutation of ABCB5 or loss of ABCB5 expression resulted in increased proliferative capacities, which were higher in cells with a mutated NRAS genetic background compared with a mutated BRAF background. However, the invasive capacities of ABCB5 mutant clones was observed only in mutated BRAF cell lines. In an NRAS background, ABCB5 mutant clones were able to migrate only through the membrane pores. The ABCB5 mutations are presumed to reduce ABCB5 transporter activity in the melanoma lines, with the possibility that some mutations may have dominant negative effects. Overall, these data indicate that ABCB5 is a potential tumor suppressor in melanoma. The physiological role of ABCB5 remains to be unraveled. However, we can speculate that once this transporter is no longer functional, there are physiological changes that affect cell metabolism and/or mutagenesis related to toxic reactive oxygen species (Kondo et al., 2015) . BRAF inhibitors alone or in combination with MEK inhibitors exert immunomodulatory effects on the tumor and its microenvironment (Deken et al., 2016; Hu-Lieskovan et al., 2015) . It would be interesting to assess combined BRAF-MEK inhibition in vitro, and also with PD-1 blockade in vivo, in mice recapitulating these genetic alterations.
MATERIALS AND METHODS
Tumor tissues
All human samples were obtained after written informed patient consent was given. Tissue and melanoma cell lines used for the Discovery and Prevalence Screen in this study were described previously (Palavalli et al., 2009 ). Tissues used for validation set 1 were fresh frozen melanoma tumors obtained from the National Cancer Institute Surgery Branch (see Supplementary Table S2 online). Tissue was collected at the NCI Medical Center, under institutional review board protocols. DNA was isolated from enriched macrodissected tumor isolates as previously described (see http://www.riedlab.nci.nih.gov). Tissue processing and storage were previously described by Morente et al. (2006) . Tissues used for validation set 2 of melanomas were obtained from optimum cutting temperature-embedded frozen clinical specimens from the Melanoma Informatics, Tissue Resource, and Pathology Core (MelCore) at The University of Texas MD Anderson Cancer Center under institutional review boardapproved protocols. DNA isolation from the tumor-enriched isolates has been described previously (Davies et al., 2009 
DNA extraction
DNA was extracted with a DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany), following the manufacturer's instructions. DNA was eluted in 35 μl of elution buffer. DNA measurements were made with a ND-1000 UV-Vis spectrophotometer from NanoDrop Technologies (Wilmington, DE).
Whole-exome and genome sequencing
Whole-exome and genome sequencing was described previously (Gartner et al., 2013) , and results have been deposited in the dbSNP, ClinVar database with the batch identification 1057273.
Sanger sequencing
PCR and sequencing primers were designed with Primer 3 (http://www-genome.wi.mit.edu/ cgibin/primer/primer3_www.cgi) and synthesized by Integrated DNA Technologies (Coralville, IA) (see Supplementary Table S3 online). PCR amplification was performed as previously described (Samuels et al., 2004) , and PCR products were purified with exonuclease (Epicentre Biotechnologies, Madison, WI) and shrimp alkaline phosphatase (USB Corporation, Cleveland, OH). Products were purified with rehydrated Sephadex G-50 powder (GE Healthcare, Piscataway, NJ), and cycle sequencing was carried out with a BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, CA). Sequence data were collected on an ABI3730xl (Applied Biosystems). Sequence traces of the secondary screen were analyzed with the Mutation Surveyor software package (SoftGenetics, State College, PA).
ATPase assay
ATPase activity of ABCB5 WT and mutated ABCB5 (E1181Q, S830F, S1091F, and S1184P) in High Five cell crude membranes was measured by an endpoint inorganic phosphate assay as described by Ambudkar (1998) . The E1181Q mutation is found in the second nucleotide binding domain and renders the ABCB5 transporter nonfunctional. This mutant was produced as a negative control. A FLAG-tag was inserted in the first extracellular loop. ABCB5-and mutated ABCB5-specific ATPase activities were recorded as beryllium fluoride-sensitive ATPase activity as described by Ambudkar (1998) .
Cell culture
The human melanoma cell lines 17T and 63T were cultured in RPMI media supplemented with 10% fetal clone serum, 1% penicillin/streptomycin, 1% L-Glut and HEPES (Life Technologies, Carlsbad, CA). The human melanoma cell lines A375 and SK-Mel-28 were cultured in RPMI media supplemented with 10% fetal bovine serum and 1% penicillin/ streptomycin. Cells were maintained at 37 °C in a humidified atmosphere of 5% CO 2 .
Lentiviral ABCB5 WT and mutated ABCB5 production
Lentiviral ABCB5-FLAG tag plasmid DNAs (ABCB5-FLAG tag WT -M01, ABCB5-FLAG Q187* -M02, ABCB5-FLAG S830F -M03, ABCB5-FLAG S1091F -M04, and ABCB5-FLAG S1184P -M05) were supplied by the Protein Expression Laboratory Cloning and Optimization Group (Frederick National Laboratory for Cancer Research, Frederick, MD). The HEK293T cells were cotransfected with the lentiviral envelope plasmid (pMD2.G, Addgene number 12259), the lentiviral packaging plasmid (psPAX2, Addgene number 12260), and one of the five lentiviral ABCB5-FLAG tag plasmid to generate lentivirus particles. The melanoma cell lines were infected with these lentivirus particles to overexpress either WT ABCB5 or one of the four ABCB5 mutats. Cells were selected by using 5 μg/ml puromycin. Sequencing was performed to assess the presence of WT or mutated ABCB5.
Proliferation assay
A total of 3,000 cells per well of A375 cells, 4,000 cells per well of SK-Mel-28 cells, or 4,500 cells per well of 17T and 63T cells were seeded into 96-well plates in complete RPMI media. At 24-hour time points (0, 24, 48, and 72 hours), growth media was removed and replaced with complete RPMI media solution containing a working concentration of 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and incubated for 3 hours. Media with MTT was removed, and cells were solubilized in DMSO. Absorbance was measured at 570 nm on a SpectraMax i3 plate reader (Molecular Devices, San Jose, CA).
Soft agar colony formation assay
In each well of a 24-well plate, 4,500 cells (A375, SK-Mel-28) and 4,000 cells (17T, 63T) for all cell line clones were suspended in0.33% Bacto-Agar (Sigma-Aldrich, St. Louis, MO), diluted in complete RPMI media. This layer was plated on top of a layer of 0.5% BactoAgar, diluted in complete RPMI media. Plates were maintained at 37 °C in a humidified atmosphere of 5% CO 2 for 3 weeks. Colonies were stained with 2 mg/ml MTT for 3 hours and then counted.
Transwell migration and Matrigel invasion assay
A total of 5 × 10 4 cells for A375 and SK-Mel-28 cell lines and clones and 12.5 × 10 3 cells for 17T and 63T cell lines were suspended in serum-free RPMI and pipetted into a Transwell insert (BD Biosciences, San Jose, CA) to assess their migration ability. The insert was placed into a well of a 24-well plate containing complete RPMI media and incubated for 24 hours at 37 °C in a humidified atmosphere of 5% CO 2 . The same manipulation was performed for the invasion assay with a BioCat Matrigel Invasion chamber (Corning Inc). The inserts were washed with phosphate-buffered saline (to remove the nonmigrating and noninvading cells from the interior of the inserts) and stained with a Hema3 staining kit (Thermo Fisher Scientific, Waltham, MA). The migrating and invading cells were counted under a light microscope, and the percent invasion was calculated by the ratio between the mean number of invading cells and the mean number of migrating cells.
Statistical analysis
Data analysis was done by an unpaired Student t test or Welch t test when samples had unequal variances. Values are the means ± standard error of the mean. P values less than 0.05 were considered statistically significant. Statistics and graphing were done with Prism software (GraphPad, La Jolla, CA). (a) Proliferation rates of 17T clones were assayed over 3 days. All 17T clones overexpressing ABCB5 mutants had a significant increase of their proliferation rate compared with the ABCB5 WT-overexpressing clone for each time point. (b) Proliferation rates of 63T ABCB5 clones were measured 3 and 4 days after seeding. The proliferation rate of the S1184P mutant was found to be very highly statistically significant only when compared with the parental WT 63T cells. *P < 0.05, **P < 0.01, ***P <0.001,****P < 0.0001. n = 4. Values are the mean ± standard error of the mean. WT, wild type. (a) All 17T ABCB5 mutant clones had a highly significant increase in number of colonies compared with the 17T ABCB5 WT clone. (b) The 63T mutant clones showed a highly significant increase in number of colonies only for the mutations S830F and S1091F, whereas the effect was lower for the Q187* and S1184P mutations. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n = 3. Values are the mean ± standard error of the mean. WT, wild type. (a) 17T ABCB5 Q187*, S1091F, and S1184P mutant clones showed a higher migration ability, whereas the ABCB5 S830F mutant clone was not able to migrate from the upper side of the Boyden chamber to the lower one. (b) The migration ability of 63T ABCB5 mutant clones was also affected and was significant for the mutations S830F and S1091F. (c) The invasive ability of 17T ABCB5 WT and mutant clones was assessed, but no significant increase in invasion was observed. The P values (Student t test) are 0.4187 for Q187*, 0.5458 for S830F, 0.5856 for S1091F, and 0.8927 for the mutation S1184P. (d) The invasive ability of 63T ABCB5 WT and mutant clones was assessed, but no significant increase in invasion was observed, except for the S830F mutation. The P values (Student t test) are 0.0885 for Q187*, 0.0458 for S830F, 0.4291 for S1091F, and 0.4215 for S1184P. *P <0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. n = 3. Values are the mean ± standard error of the mean. 
